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Abstract 


The observation of room temperature visible photoluminescence from porous silicon 
has recently stimulated considerable research from both fundamental and technolog- 
ical j)oints of view. One of the least studies aspects of these material, however, is 
its thermal stability and the role and nature of chemical species present in the large 
surface area of the material. With large internal surfaces, the chemicals present on 
them are likely to have large influence on its properties. 

R.oom temperature })hotoluminescent i)orous silicon samples have been prepared 
and characterized using a variety of techniques such as infrared, Raman, photolumi- 
nescence and thermally stimulated effusion spectroscopies. In particular, thermally 
stimulated effusion spectra of effusing species have been analysed in detail to un- 
chu'sf.and the nature of hydrogen bonding and its thermal release from porous silicon. 
Microstnu^tural information obtaiiKnl from Raman and infrared spectra have been cor- 
related with tin; results of thermal effusion studies. Photoluininescence spectroscopy 
of these samples show a broad peak at around 1.8 eV with a FWHM of about 350 
meV. A large number of ionic species were identified in the thermal effusion spectra 
of PS samples. Significant among them are the hydrides and fluorides of silicon. In 
addition, residual carbonic species along with moisture were detected. The thermally 
stimulated spectra of indivichial ions from room t(;mperature to 800"C were analyzed 
as a function varying Imating rates. Molecular hydrogen effusion shows two major 
peaks about 400 and about 500'’C. The low temperature peak is attributed to hydro- 
gem (h'sorption from Silii and the high temperature to that from SiH. Micro-Raman 
siu(li('H on as pr('pared samples rev('al i)resenco of silicon nano-crystallites of size 3-4 
mu. I'he presence of Raman shifts at about 480 enr^ clearly indicate existence of 
amorphous silicon in the sample. Raman spectra shows that on heating the sam- 
ple in the range of 500 to 760°C, there is decrease in the size of the nanocrystallite 
and increase in the disordered component. Infrared spectra of as prepared samples 
show sharp spectral features around 2100 cm”^ due to stretching modes of hydrides 
of silicon indicating well defined hydrogen chemisorption sites in porous silicon. The 
obs('rvation of photoluminesceuce, even after heat treatment at 495°C, has been at- 
tributed to surface passivation of defects due to oxidation. 
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Chapter 1 


Introduction 


Porous silicon ( PS ) is a spongy phase of Si, normally generated by anodization 
of single-crystal Si in HF solutions at moderate current densities. The porous silicon 
is characterized by a structure consisting of a great number of micro-pores ( diameter 
< 2 nm ), meso-[)ores ( 2-50 nm ) and macro-pores ( > 50 nm ). 

PoroUvS-Si was disc.oven'd in 195() by Uhlir [1] during electrochemical etching of 
sili(X)n in IIF solution with silicon as the anode. A brittle, spongy, threadlike structure 
was obtained exhibiting a variety of i)ore geometries within an otherwise crystalline 
material. The observed morphologies vary from a uniform network of fine intercon- 
nected pores to linear and wide pipelike pores. The pore size and shape depend upon 
dopant type (n or p), the dopant concentration in the silicon substrate, the anodiza- 
tion current density, and HF concentration. The properties of PS layers were studied 
extensively because of their potential use in electronic isolation technologies such as 
silicon-on-insulator ( SOI ) and fully isolated porous oxided silicon ( FIFOS ). 

Porous-Si was, in a sense, rediscovered by Canham in 1990 [2] when efficient 
visible red photoluininescencc ( PL ) at room temperature was obtained from this 
material. 

In view of the fact that the development of Si-based opto-electronics has been 
severely limited by the indirect nature of silicon energy bandgap, this discovery has 
triggered worldwide ix^search efforts to understand this behaviour and explore new 
applications. Various models have been proposed to understand the origin of photo- 
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luminescence iis discussed in later sections. While the origin of i’L is still debated, 
the existence of this interesting effect is well established. Junctions have been made 
and the electroluminescence ( EL ) luxs been clearly demonstrated from the porous 
silicon structures [3, 4]. Thus prospects of using porous silicon as opto-electronic 
material are well established. Light (unitting diodes, Isiser and new blue-green display 
devices based on silicon arc future possibilities. 

However, in order to use porous silicon to make any reliable devices, major prob- 
lems are enconnUu'od du(^ to the tlu'rmal degradation behaviour of PL emission. It 
normally degrades with time in oxygen or moisture containing environment [5, 6]. 
Ill studies have shown that the PL intensity is strongly correlated with silicon dihy- 
dride ( SiH 2 ) surface species [7, 8], In contriist, other studies have suggested that 
neitlu^r SiH nor SiH 2 is (essential for the observation of PL in anodized Si [9]. In 
particular, degradation of EL intensity with time has been an outstanding problem 
[3, 4]. PS is a high resistivity matcria.1 and under EL current injection conditions, the 
local temperature of the jimctiou can be very high due to heating. This leads to the 
degradation of the device. Thus the thermal stability of the samples is crucial to the 
reliable and long lasting performance of PS devices. 

Ill i.liis work, w(' liavi' atti'iiipted fo uiiderstaiid tlic thermal flegra.daf.ion behaviour 
of porous silicon using a variety of characterization techniques. In particular, in situ 
mass spectroscopif- thermal ('ffusion techniques has been employed to analyze the 
nat ure ofsjiecies ('volving from tlu' porous silicon as a lunction ol heating temperature. 
Ih'at.ing rate effect and porous silicon layer thickness effects on thermal effusion were 
studied in detail. Raman and infrared spectroscopies were also performed on porous 
silicon sample for microstructural understanding of the material of sample. 

In the following sections, we briefly describe the formation of porous silicon by 
various techniques. A summary of oiitical behaviour and characterization of porous 
silicon layers is presented. Finally, t he motivation and objectives of the present work 
arc staff'd. 
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1.1 Etching of Si-Surface 


Porous silicon layer is obtained by etching the silicon surface by various methods. 
A brief suininary of etching techniques are given below. 


1-1.1 Electrochemical Etching 

Electrochemical etching w<is historically is the first method and most commonly 
used for the preparation of porous-Si [1]. The mixtures of HF and C2H5OH of 
different concentrations ( e.g. 1:1 by volume ) is kept in a teflon electrochemical cell. 
The electrical contacts are made through Pt electrode which is biased negative. Low 
resistivity Si wafers acts as an anode with positive voltage applied to it. A current of 
few tens of inA/cm^ is p^issed. 

The thickness and porosity of porous silicon layer depend on total etching time, 
current density and the strength of the etchants. This method is also known as 
anodization. In tin' present work, porous silicon layers have been jrreijared using this 
t,('chni(pie and more (Lxpc'rimental detail will be presented in Chapter 2. 


1.1.2 Photochemical Etching 

In photochemical etching laser light [10] or very strong light from tungsten lamp 
(500 W) [11] is irradiated on a sample which is kept inside a teflon cell contain- 
ing etching(HF) solution. This irradiation activates the reaction and porous Si is 
obtained. Typically 10-15 min is enough for the completion of the reaction. 
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1.1.3 Chemical Etching 

HF-HNOs based solution is kept in a teflon cell without electrical biasing the Si- 
wafer [12]. Porous-Si is obtained by chemical etching and this porous-Si have similar 
properties as porous-Si obtained from electrochemical etching. Chemical etching with 
NaNO-i in HF [12] and CrOa in HF [13] have also been reported in literature. 


1.1.4 Spark Erosion Technique 


A high voltage is applied botwcuui a clean Si wafer and silicon electrode for a spark 
to take place. The electric sparking erodes Si-surface and porous-Si is obtained [14]. 
'Phis porous-Si has also exhibited similar properties as porous-Si obtained from usual 
electrochemical etching. 


1.2 Porous Silicon Formation Mechanisms 

A satisfactory tluiory for porous silic.on formation should be able to explain the 
prcderent.ial por(' formation in comparison to uniform etching, as well as the observed 
transition in surface' morphologic's with varying experiiucmtal parameters. To explain 
poi'c formation, majority of growth models do not concern themselves with the ex- 
act dissolution chemistry, but invoke physical arguments to explain the influence of 
anodizing conditions on porous silicon morphologies. This is because of the fact that 
the detailed dissolution chemistry of silicon is complex and not understood clearly. 
Therefore, the basic formation m(a;hanism arc still in dispute. Several dissolution 
mechanisms have been proposed, an excellent review of which is found in article by 
Smith and Collin [15]. 

I’he major models proposed to (Explain porous silicon formation can broadly be 
categorized into two classes. The early models are mainly phenomenological, invok- 
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ing aiguiueiits based on the electric; field redistribution iu silicon electrolyte system. 
Hc'cc'iitly several computer simulations have been performed, which try to model the 
silicon-Hh system with simplified parameters which bear some correlation to the ex- 
perimental conditions [16]. 

riie proposed mechanisms involve the formation of semiconductor depletion layers 
[15], or the two dimensional quantum size effects [17, 18]. However, common to all 
models is the role of hole carrier density in the Si material. Therefore, doped p- 
typc' Si is the; favourite matcuial for anodization to form porous silicon. Porosity in 
the material depends upon the anodic dissolution process, which is limited by the 
charge supply from the; Si electrode and not by the ionic diffusion in the electrolyte. 
I lu'rc' (exists a c.ril.ical current bc'low whic;h porous silicon is formed. At higher current 
densit,i(>s than this, electropolishiug is observed. PS formation current densities are in 
the range of 1()-1()() mA/cm^. For an n-type silicon, intense illumination is required 
for high minority carrier ( hole ) generation rate. In this case, the current density is 
a function of applied bias and the resulting inicropores tend to be identical to those 
on a p-type substrate. 


1.3 Luminescence Behaviour 

I'he visible photoluminoscence of porous silicon at room temperature and related 
optical properties have invited maximum scientific attention because of its potential 
technological applications in optoelectronic devices. There are three types of optical 
properties of porous silicon as given below. 
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1.3.1 Pliotoluminescence 

Porous silicon emits light in the range 650-850 nm when irradiated with UV-light 
[2]. It. is cfisily observed ( even with naked eyes ) at room temperatures. Many types 
of (^xcit.ation sources such as Ar"^ and He-Cd lasers, and filtered UV lamps light have 
hc't'ii us('d to observe PL. By using suitable optics, monochromator and detectors, the 
PL spectra are obtained. PL peak varies from bright red ( ~700 nm ) [2] to blue- 
green ( ~500 nm ) [19, 20] depending upon the anodization parameters and post 
lal)ric:ation treat, ments. Linewidths are typically found to be of the order of 100-150 
nm. 


'riiis st.riking phenomenon has initially been attributed by Canham to the for- 
mation of surface passivatenl Si quantum wire arrays [2]. An observed blue shift in 
PL peak was tiscribod to the increase in porosity and consequential decrease in the 
model was proposed by Brandt et. al. [21] that observed PL phenomena can be 
attributed to a Si-backbone polynun', namely siloxene ( SieOsHe ). This suggestion 
was sui)ported by a comparison of PL, IR and Raman spectra of porous silicon and 
that of siloxenes. Other groups claim that surface dihydride passivation [5, 7, 8], 
moleimh's attaclu'd to the Si surface [22] or amorphous Si [23, 24] are responsible 
for the room temperatun? photolumin(!SC(!nce of i)orous silicon. 

Th(^ photoluminesc(nice of porous silicon is very sensitive property and it is af- 
fect(Hl by ambi(mt air [25], wate.r va])or surrounding [20], oxidation in N 2 , or H 2 , 
etc. atmosphere [27]. Interesting effects on the photoluminescence of porous-Si are 
observed, if the pores are filled with some other material like Yb [28] or Er. Ceo 
deposition in pores of porous-Si has been reported recently [29], and it is observed 
that many other peaks of photoluminescence also originate due to Ceo plantation in 
porous-Si. 

lemperaturo affects pliotoluminescence very strongly and there is almost no pho- 
tolmninescence above SOO^'C [30]. There is no clear explanation for this experimental 
observation. But it is argued that the vanishing of pliotoluminescence is due to desorp- 
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p-type c-Si 


Figure 1.1: pu-het,ereoJuiiction fabricated by using porous silicon layer 



tion of silicon hydrides from porous-Si [31]. Thermal desorption studies on porous-Si 
may help in understanding of chemical structure of this material. The prediction 
can be made from desorption data about chemical species like SiH„, SiFn, H 2 , etc. 
^^corded with temperature which arc responsible for photoluminescence. 


1.3.2 Electroluminescence 

Forous-Hi exhibits electroluminescence (EL). Structures which have been studied 
include Schottky diodes employing Au [32], A1 [4], pn-homo junction [33], and pn- 
hetereoj unctions [34]. These devices show rectifying characteristics. However, all 
exhibit varying degrees of parasitic series resistance. In Schottky diode structures, 
the non-ideality is believed to be due in part to non-optimum electric contact at the 
interface between the porous-Si layer and the metal or semiconductor. 

A typical pn-heterojunction electroluminescent device structure is shown in Fig. 1.1 
[35]. This pn-junction shows ordinary pn-junction I-V and rectifying characteristics. 
The electroluminescence is to found decrease as applied current is decreased. The 
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peaks of electroluminescence and photolumiiiescence nearly coincide at ~700 nm 
(visible range). This points to Porous-Si applications in optoelectronic devices at 
industrial level in near future. However, the degradation phenomena and lifetimes of 
th(\se BL devices need to b(! investigatcxl before they gain acceptability. 

1.3.3 Electrochemiluminescence 

I'he^ elecdroluiuinescence of porous-Si in wet condition (i.e. during anodization in 
acpieous solutions such as KOH ) is called clectrochemiluminescence (ECL). ECL is 
h'ss ('{licient than EL. This may b(^ IxH-ause of a more efficient carrier injection mech- 
anism as tlu^ contact area is larger. However, ECL is not permanent and is quenched 
rapidly because of oxide formation on the surface which cuts off electrical contact 
between crystallites. A similar, but relatively permanent ECL has been observed on 
cathodically polarized n-type porous-Si in contact with 820^^ solutions [36]. In this 
case, the oxidation of the material is avoided. 


1.4 Vibrational Spectroscopy 


Vibrational sp('(d.ros(H)py is uschI for finding the bonding configuration between 
atoms in a material of a sample. In our experiments, we have used Raman shift to 
detcu'inine silicon bonding and infrared spectroscopy to see the presence of silicon 
hydrides and oxide bonds. A brief introduction to Raman spectroscopy and infrared 
spectroscopy is given here. 
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1.4.i Raman Spectroscopy 

Raman efiect is an iiiolastiic collision between the incident photon and the molecule, 
when (juanta of vibrational encrgicis are emitted or absorbed as a result of collision. 
Wlu'ii light (with trec(ueu(‘y n;„) interacts witha medium, an oscillating dipole mo- 
ment is induced, which in turn, (unitts the K])ectrum of scattered radiation consisting 
of many pairs of side bands symmetrically disposed around the elastically scattered ra- 
diation. The origin of inelastic scattered components is attributed to the modulation 
of i)olarizability of the medium by the molecular or crystal vibration. This inelastic 
smittering of light is used as a sensitive vibrational spectroscopic tool to investigate 
stnudaire, symmetry, and dynamical i)roperties of solids, liquids, and gaseous system. 

Th(^ scattered radiation found is to have frequency lower or higher than the fre- 
<iuency of incident radiation. The phenomenon in former case is known as Stokes 
Raman scattering while in the latter case as anti-Stokes Raman scattering. Two 
types of these events are illustrated in Fig. 1.2. 

in Fig. 1.2(a), the system of particle (say molecules ) is unexcited initially. An 
incident radiation })hot()n at freciucncy Wp is observed and a Stokes photon at usr = 
u,. - LU„ is (unitU'd simulaiH'ously. 'To conserve energy, the molecules excited to state 
u)„ as shown in k'^ig. 1.2(1)), an anti-Stokes photon at ujasr = cJe + ^v may be emitted 
along with two dcvexdtation of tin' molecule from v = 1 to v = 0. Since anti-Stokes 
emission depends on the mnnlxir of molecules being in initially in excited state, it is 
weaker than Stokes emission. 

The modern theories of Raman effect explain the phenomenon in terms of creation 
and anhilation of photons. For example, in first process (Fig. 1.2 (a) ), a photon of 
fre(iuency uj^r = Wp — u;,, is created, while one photon of frequency u)e is anhilated 
resulting in the excitation of the of the molecule from v =0 to v = 1. Similarly in the 
otlun process ( Fig. 1.2 (b) ) a photon of ojasr = Wp -1- is created along with the 
annihilation of a i)hoton of freciuency Wg resulting in the de-excitation of the molecule 
from V = 1 to V =0. 
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Viiiial Levels 






(a) 


(b) 


Figure 1.2: Stokes Rniiian and anti-Stokes Raman effects 


R,aman scattering is usually weak in intensity, hence a high intensity source is 
needed for its observation. For this reason, a stimulated interest in its studies and 
application arose only in past decades after the invention of laser sources. 

Hainan elfect is the result of interaction between elcctroinagnetic waves and in- 
eich'iit dipole moment. Hence it is fundamentally different from IR absorption. The 
two phenomena are complsmcutary to each other in jiroviding information about the 
dynamics of a system. 


1.4.2 Infrared Spectroscopy 

The IR absorption is a phenomenon involving interaction between electromagnetic 
radiation and matter. To a first approximation, it occurs through changes in electric 
dipole moment of the molecular unit arising due to its excitation to a higher energy 
level. It may also occur through changes in electric moments of higher order, magnetic 
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moments, etc. However, the absorption tlirough such interactions is generally found 
to be lUigligibly weak. Frequencies of vibrations in molecules and solids match with 
the energy of IR photons, hence enough information about the vibrations in these 
syst(uns may be collected from IR absorption spectra. 

Experimentally, when the broad band infrared (IR) radiation incidents on the 
medium, a part of the incident radiation, matching with the characteristics vibrational 
freciuencies of the medium, gets absorbed and rest is transmitted. The analysis of the 
transmitted (or rellected) light in the IR (000-4000 cm“^) region provides information 
regarding the vibrational levels, symmetries, and structural characteristics of solids, 
liciuiils, and gaseous sysUnn. 


1.5 Statement of the Problem 

Since the proposal of Canhaw.[2] that visible photoluminescence in porous silicon 
is due t,o (luantum size effect, there has been a very large number of studies on various 
properties of this material. .A. whoh' array of characterization techniques have been 
used to obtain complitiK'nIary inroniiation, specially tlio.sc' relatcvl to photohnnines- 
cence. How(W(n’, studies on thermal stability of the material and nature of chemical 
sp('cies present in the material has not been studied in any detail. Since the mode of 
prejjaration of i)orous silicon involves electrochemical bath containing acids and alco- 
hol, many different chemical sijecies are only to be expected in the material. Further, 
the material being porous has large surface area and hence it is all the more likely 
that chemical species present on the internal surface of the material would influence 
its properties. Various studies on optical and transport properties of the material 
suggest that process at the surface play a dominant role. 

With this in view, it is important to have a reliable and quantitative method 
of studing surfaces desorbed spcxdes in porous silicon and their relation to thermal 
St, ability of the material. In this work, we have prepared porous silicon and heated 
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them in vacuum to analyze various species effusion out using mass spectroscopy. 
It is possible to obtain insights regarding mechanism of desorption and origin of 
various spedes by studying thermally stirmilated effusion spectroscopy ( TSES ) of 
each individual species. A computer controlled Quadrupole Gas Analyzer has been 
used t.o set, up TSES. We go on to show that monitoring evolution of hydrogen from 
the samjjle can play central role in understanding of desorption mechanism. We 
also use complimentary techniques of infra-red absorption spectroscopy and Raman 
si)ectroscopy to obtain microstructural information. 



Chapter 2 


Exp er iment al 


2.1 Sample Preparation 


I'liis chapter gives detail of })orous silicon sample preparation and experimental 
procc'dure followed to (harac.teri^.e them. The samples were prepared in our labora- 
tory. I'his is very long j)roccss and requires many steps to be followed. First of them 
is to (d<um Si-wafer, so that no impurity is left on its surface. To make electrical 
contact for (tectrochemical (itching, Al or some other api)ropriate metal has to be 
d(iposit(id on back surface of Si-wafer. The etching and drying is the last step for 
sample preparation. We have described the detail in the following sections. 


2.1.1 Si- Wafer Cleaning 


The Si-wafer is cut into appropriate siiics (e.g. 2X2 crn^ or 1.5 X 1.5 cm^ for our 
experiments). The Si-wafer is dipja'd in acetone and ultrasonically cleaned for 5-10 
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min. 'Flu' wafer is taken out and kcipt in air for 1-2 iriiii for vaporization of acetone 
and then clipped in trichloro ethylene and again ultrasonic vibration are given for 
5-10 min. The wafer is then dipped in dilute-HF and ultrasonic vibration for 2-5 min 
an? given. After that the wafer is rinsed in deionized water for few minutes and dried 
in desi<ccator. This way, the wafer is cleaned and made ready for Al-deposition. 


2.1.2 Al-Deposition on Si-wafer 

Back surfacx? of the Si wafers is coated with A1 using vacuum evaporation tech- 
niejues. Fig. 2.1 shows the schematic diagram of Al-deposition set-up. There is large 
Ixijar which is vacuum proof on its base by rubber ring. Vacuum is created by rotary 
vacuum pump of the ordt?r of to 10“-^Torr. A1 foil is heated in a W-filament coil. 
When the appropriate vacuum is reached, W-filament is turned on. Si-wafer(s) which 
arc cl(?aned i\s described above, are kept facing back surface toward the W-filament. 
Tlu' evaporated A1 gets deposited on lower surface of Si-wafer. If vacuum is not high 
t'nough, oxid(?s of A1 and Si arc Ibrmed in the vacuum chamber. This oxide formation 
is highly undesirable because not only Si-wafer surface gets oxidized, but also oxide 
of .'\1 is deposit('(l on Si-wafer surface? and as we know silicon oxide is an insulator, 
a poor ('l(?ctric contact will be formed. I'hcrcfore, high vacuum is very essential in 
.'\l-d{'position. 


2.1.3 Thermal Annealing of Al-deposited Si- wafer 

.•\l-(l('posited silicon wafer docs not produce good porous silicon sample, if Al- 
deposif.t'd silicon wafer is not auiK’alcd appropriately. This is because of electric 
contact is not made uniformly on its back surface. To make good ohmic contact, A1 
d('l)osit('d silicon wafer is annealed before anodization as described . 

h'ig. 2.2 shows the s(:h(?matic of annealing set-up. It has a hollow cylindrical 
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Figure 2.2; Selu'.iuaiic diagram of annealing set-up 


iurnaee. I'einperature distribution inside it is luiirorin. Al-dcposited silicon wafer is 
placed ill a large cpiartz tube which is connected to vacuum pump and vacuum gauge. 

Vacuum of the order of 10"''’ to 10"*’ Torr is created first inside the quartz tube 
before iasi'it.ing it into the furnace. If the quartz tube is inserted into the furnace 
wit.hout appropriate va(;uum, the. wafer would get oxidized The temperature of the 
furnaci' is s(*t at 2r)0-;ir){)"(l. Annealing time is 1-2 hours for all Al-deposited silicon 
waler. When l.lu' aiuu'aliug tinu' is ovi'r, the furnace is turned olf and quartz tube is 
h'ft to cool down inside the furnace. Finally, when the temperature is around room 
f.emperature the vacuum pump is also turned off and the sample is taken out. Care 
is taken not to turn olf vacuium pump, unless the temperature of furnace is around 
room temperature because the leaks at joints oxidizes the sample inside at elevated 
temperature. This annealed wafer is ready for electrochemical HF etching. 
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2.1.4 Electrochemical Etching of Si- Wafer 


Al-(l('pc)sit('(l and t.herinally annealed in vacuum Si-wafer is used for electrochem- 
ical ('felling. Fig. 2.3 shows the schematic detailed diagram of teflon cell used for 
('h'ctroclu'mical etching. The Si-wafer is kept on metal anode stand. An o-ring of 
appropriate size is kept on Si-wafer; in our case, we have used 1 cm diameter o-ring. 
'Flu' anode with the wafer is tightc'imd with a big teflon screw to make junction leak 
proof. If this screw is not tightened properly, HF solution leaks to back surface of the 
waf'c'r. 


'File mixtuia's of HF and C2H5OH (1:1 by volume) is poured in to the teflon 
(‘(>11. 'Fhis whole set-up is kei)t on a teflon stand to facilitate electric connections. 
'Fh(' (‘h'ctric contacts are made with Pt electrode which is negative and dipped in HF 
solui.ion. Si wafer is used as the positive electrode ( or anode ). Typical current supply 
us(h1 is 10 iiiA dc. The wafer diameter is ~1.5 cm (therefore the current density is ~ 
5.6 mA/cm''^). The etching time is varied between 10-30 mins for different Si- wafers 
in all of our experiments. 


Wlu'n electric power su{)ply is turned on, we observe gas bubble coming out from 
(’telling solution. 'Fhis is the indicaf.ion that the etching process is going on the surface 
of t.h(> sample. W(’ also observe changing color of Si-wafer as the process proceeds. 
'Fh(' sample looks grey after around 5 minutes. 


2.1.5 Drying Process of Fresh Porous Silicon Sample 

T’he electric contacts are disconnected wdien the etching time is over and HF 
solut.ion is ixmred out. Since porous silicon layer is a very delicate structure, to avoid 
damage to the sample care is taken in pouring out HF solution and in drying process. 
Dl-water is pour('d in carefully and the cell is left for 10-20 min. Now Dl-water is 
also i>our('d out and the sample is taken out by removing bottom screw. 




Figure 2.3: Schcunutic cli<igr<iin of teflon cell 
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Figure 2.4: Porous-Si Sample 


The typical prepared porous silicon sample is shown in Fig. 2.4. The central 
circular portion which looks <lark grey is porous silicon layer. The thickness of this 
layer is of the order of few microns. Finally, samples are dried and stored in desiccator. 
This sample is ready for any experimentation after 30-60 min. 


2.2 Mass Spectroscopic Thermal Effusion Set-up 

Mass Si)ectroKcopic Tlunnial Efl'usion S('t-up is used to measure chemical species 
which eifuses out from heating of sample in high vacuum. The set-up used in experi- 
ments lab was <isseml)l('.d in our lab. It consists of the following main parts. A quartz 
tube inside a cylindrical furnace, CJuadrupole Gas Analyzer (QG A), PC Interfac and 
a thermocouple. We have described the detail of these parts below. 


2.2.1 Quartz Tube with a Furnace 

A (iuart,z tube of outer diameter 14.4niin and length 7 inch is connected to QGA 
and a turbo molecular pump. High vacuum of the order of lO"® Torr is created 
by the turbo molecular pump. Temperature is measured by thermocouple which is 
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Figure 2.5: Schematic diagram of Mass Spectroscopic Thermal Effusion Set-up DPM 
: Differential Penning Meter(for tcmipcraturo measurement), RGA : Residual Gas 
Analyzer, DPM ; Differential Pressure Units, QGA : Quadruple Gas Analyzer, PC ; 
Personnel Computer 
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Mgarc 2.(); Sduuual ic diagraiii of healing tube with lurnace 


kept ill another (luartz tube of inner diameter of 3min. This tube is attached to the 
bigger tube which contains the porous silicon sample Fig. 2.6 shows very clearly this 
configuration. This whole assemble is kept in furnace symmetrically. The power is 
supplied by variac. The voltage of it, hence its temperature is controlled manually. 
The detail of how linear temperature is obtained, is described in section 2.2.3 
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2.2.2 Qiiadrupole Gas Analyzer 

C^iiadrnpok’ CTis Analyzer is usetl to analyze gases by converting to their ions and 
tin'll (h'tccting in/o ratio. Since ni/e of diirerent gJiscs may be same, so we can not 
(let.c'rmined them uniquely. A determination normally involves physical arguments as 
well. We describe briefly the mechanism of QGA below. 

'Fhe head of cpiadrupole gas analyzer have four metal rods in pairs of two. The 
oscillat ing ('h'ctroniagnetic [ii'ld is gi'iierated liy apiilying rf-voltage. The molecules 
(radicals) of coming gases are converted to ion(s) in ion chamber and collected in 
the collector chaniher. 'Fhe parameters of gas molecules for characterization are 
their masses and their charges. This instrument only determines m/e of different 
const, itiu'iits fus the path ions traverse depends on both, mass and charge. 

It can work in two modes. In first mode, the entire spectrum of partial pressure of 
gases vs. m/e of 1-200 amu can be recorded and in second mode, partial pressures of 
maximum 12 gases with different m/e as function of time is recoreded. We have used 
both the. modes in our exi)eriments. A PC(286) is interfaced to QGA. The interfacing 
program ( writtem in BASIC ) reads the partial pressure at specified temperature from 
QGA and stores in a given file and directory. 


2.2.3 Calibration of Temperature 

The sample is heated in vacuum ( ~10“® Torr ) inside a quartz tube. The temper- 
ature of furnace is controlled manually using variac. As the voltage is increased, the 
temperature increases non-linearly. To obtain linear heating rate, the voltage is set 
high and then slowly increased. For example, to get linear heating rate of 18°C/rnin., 
initial voltage is set at 44 volts and then one volt is increased per minute, The typical 
heating rates obtained in these experiments are shown in Fig. 2.7. It is clear that the 
heating rate can be controlled to a good accuracy. 



Time(sec) 
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Figure 2.7: Typical lieatiug rates used in thermal effusion PS samples 
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2.3 Characterization of Porous Silicon Sample 


'Lo characterize porous silicon samples prepared in our laboratory, we used follow- 
ing technkpies. 


2.3.1 Mass Spectroscopic Thermal Effusion 

In this work Mass Spectrosc()i)ic Thermal Effusion (MSTE) technique has been 
used (\\t(msively. MSTE set-up has already been described in section 2.2. The 
exp('rimental.ion is as follows. 

.‘V porous silicon samph' was first put in to the (piartz tube. (cf. Fig. 2.6 ). 
All connections of set-up was made vacuum leak proof by using appropriate o-rings. 
Vacuum pump is turned on and when the vacuum is approximately ~10~® Torr, we 
turn on the furnace al.so. The sample is heated with linear heating rate by changing 
l,h(‘ voltage of variac- at regular time interval manually. For detail see section 2.2.3. 
Tlu' tenqx'ratnro wjis nu^asnred with a thermocouple and data was recorded. 

Th(i partial pn'ssure of numbeu' of chemical species were recored by a PC interfaced 
to C^CA. 'Fhe data was rc'corded at regular interval of temperature. We have taken 
temixu-ature interval in our all exi)eriments to be 10°C. The temperature range was 
10U-8()U"C. Plots were taken for all 12 ions. The detail of ions are given in Table 3.1. 


2.3.2 Raman Spectroscopy and Photoluminescence Measure- 
ments 

Crystallinity of porous silicon was analyzed by Raman Spectroscopy. The theory 
of Hainan Sfiectrosc^opy is described in chapter 1, section 1.4.1. These Experiments 
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performed on SPEX-1877 Triplemate ( Raman Spectrometer ). Laser light ( wave- 
length 514 nm ) is shined on the porous silicon sample and Raman shift is stored by 
a PC automatically in appropriate range of wavelength. Raman spectra in our exper- 
inumls wt'r(' t.akeu for many samples, heated partially or completely, and unheated. 


2.3.3 Infrared Spectroscopy 


Infran'd Si)ect.roseopy cxi)erim(’nts was performed on PERKIN ELMER 1320. The 
wav(! number w<us changed from 600 to 4000 cm“L We recorded IR transmission 
sp('c,tra for 20 and 30 min samples of porous silicon. The back surface of sample 
which wiis coated with A1 wjis removed before the IR spectra was taken as A1 absorbs 
IR light. 


2.4 Peakfit Analysis 


'I'he peakfit analysis is a software package which is used to fit the various types 
of curves lik(i Gaussian, Lorcuit/ian, Voigt, etc. on experimental data. Peakfit is very 
Ciisy to us(>, as it is a menu driven package. First the graph is plotted and on that curve 
fitting is doiu! by adjusting the width and the height of the curvcond its type itself 
for (‘xample like Gaussian or Lorentzian or some other type The base line subtracts 
the initial and residual effects present. 

The number of peaks and peak type are selected depending on the nature of data 
peaks. When the adjustment of peaks and base line is over, software repeats iterations 
for the best fit. These fitted curves gives detailed information about data peaks like 
precise peak i)osiiion, FWHM, percentage area under various peaks etc. 

We have used peakfit software in our all peak analysis and the peak position, 
FWHM, and percentage area under peaks were found. A typical analysis for hydrogen 
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t.lu'nnal effusion peaks using pcakfit is shown in Fig. 2.8. It is interesting to note that 
the two effusion peaks can be fitted to Gaussians. In this manner, we obtain the peak 
position, FWHM, and area under tlie peaks quite accurately. 



Figur(' 2.8: A typical i)eakfit analysis for hydrogen peaks. 




Chapter 3 


Results and Discussion 


In this ciiapt cr, we present the results of characterization of porous silicon involving 
phol.oluminc'scence, thermal effusion studies, infrared and Raman spectroscopies. The 
main (unphasis is on mass spectroscopic analysis of effusion of species from the samples 
with heating in vacuum. 


3.1 Photoluminescence from Porous Silicon 

As described earlier, the observation of room temperature photoluminescence (PL 
) from porous silicon is the reason for hectic research in past few years in porous 
silicon area. 

In fact, PL is the first characterization step required to ascertain the quality of 
sample. All sample prepared by us were found to be bright red/orange under UV light 
from a mercury lamp seen with the naked eyes. Room temperature photoluminescence 
spectroscopy was used for detailed characterization of the samples under various heat 

treatments. 
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Fig. 3. 1 shows ih(' photoluniiiH'.soeiicc spectra recorded on a sample PS2 in as- 
pr('par('(l and lu'at. t reated states. PS2 Wcis prepared for etching time of 20 min with 
a <-onslant current density '^B.GniA/cin^. The diameter of the sample was ~15 mm. 
The sample was cut in to four pieces. The first piece of this sample was not heated at 
all. 'Fhe second piece was heated npto 495°C in vacuum ( ~10"® Torr ) at a heating 
rat(' of {).2'’0/min. 'Fhe third part of the sample was heated upto 760°C in vacuum 
at a In'ating rat(' of l8'’0/min. 

.*\ri('i lu'ating llu' saiiiph’ in vacuiuii at tlu^ (hisin^d t(unp(!rature, heating furnace 
was switched off and the samples were allowed to cool down to room temperature 
uiuh'r high vacuum. 'Fins kind of heating treatment is to distinguished from the more 
common isotlHunial annealing. PL spectra shown in Fig. 3.1 were recorded under 
excitat ion illumination from an Ar+ laser operating at 514 nm with the micro-Haman 
setup (h^scribed in Chapter 2. Care was taken to keep the laser intensity low in order 
to avoid the heating of the sample. Ail three spectra were recorded in a single stretch 
under same operating conditions, such as laser intensity, slit widths, etc. 

W e ol)S('rve from Fig. 3.1 that a broad photoluminescence peak centered at ~701 
nm { 1.77 (A' ) is obtained on the as prepared porous silicon sample . Full width at 
half maximum ( IWVIIM ) for this p(iak is ~135 nm ( 350 meV ). On heat treated 
samph' ( ^ bOfF'CI ), I’L intensity is found reduce without significant shift in the peak 
position ( ~7t)U nm, IWVHM ~150 nm ). In contrast, no PL was observed on the 
7()()‘’C heat treaU'd sample. 

The photoluminescence of our sample is typical of those observed by others. It is 
customary to report at least one PL spectra in any report on porous silicon. Therefore, 
plethora of experimental data does not allow a direct comparison to be quoted. In 
general, the position of PL peak is found to be at -1.7 eV with broad spectrum 
width of —0.3 eV. The peak positions depend upon the microstructure of the sample 
and the sample history. Our photoluminescence data is simular to those reported 
by Hadj Zoubir ct. al. [37] and Tsai et al. [7] on porous silicon samples in 
tlnur thermal treatment studies. A comparison of the experimental data with the 
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Fignro 3.1: Fhotolnniiiuiscence spoctra from 20 min porous silicon sample, (a) un- 
heat, ( h 1. (h) heated upto ‘l9r)"C7miii with heating rate 6.2°C/miii. (c) heated upto 
7()()'’(l with heating rate l8"(Vmiii. 


theoretical simulations of John and Singh [IG] suggest a mixture of quantum wires 
and dots with a (iaussian si/e distribution. 

Degradation of photolumincscenee on thermal annealing in vacuum is well re- 
port(Hl [37, 38] Photoluminescenco degradation is shown to start as soon as 200°C 
annealing temperature is reached [37]. Photoluminescence is seen to become com- 
pletely (luenched by annealing upto ~450°C [37, 7]. In contrast, photoluminescence 
int('nsity is seen to increase with a rod-shift in peak position when samples are an- 
neak'd in air [39]. In our case substantial luminescence is observed in samples heated 
upto ~5()0"C. However, photoluminescence is totally ciucnchcd in sample heated upto 


-76()'’C. 
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3.2 Mass Spectroscopic Thermal Effusion 


l lu' t('('lmi(nu' (H)ii.st.it.nt.('s of healing the sam{)le in vacuum and observing the 
(‘fiusing out. sptH'ies. C\)upled with the mass spectrometric analysis of these species, 
tluninal eflusiou offeis powerful capabilities to investigate thermal induced effects. 
We have' eiiiployed this tiahnicpie for detailed analysis of heat treatment behaviour 
of porous silicon. 

h'ig. 3.2 shows a nuiss spectrum in the range of 1 to 100 auiu at constant tem- 
perature of ‘HJO" on a typical porous silicon sample. We observe various clusters of 
p<'aks around mass to <-harg(' rario ( m/e ) of 2, 15, 30, 42, 55, 70, and 82 with some 
other small peaks. 

I'he assignment of various m/e numbers to the chemical species is not unique and 
r('<iuir('s physical int cwpret.ation. We make these assignments based on the probability 
of the i)res('m;(^ of species and their cracking patterns. For example, the peak at m/e 
= 2 is assigiHxl to the molecular hydrogen, even though He^'*' also has same m/e. 

is not cxpect(Kl to be present in any significant amount in our porous silicon 
samj)le, as the prej)aration of porous silicon is based on electrochemically etching of 
crystalline Si wah'r in I IF solution. Similarly, the peaks around ni/e = 15 and 31 arc 
attrihuteul to Cllh} and Silh| respectively. Higher m/e peaks are due to fluorides of 
silicon. 

From this large number of peaks, a sot of twelve mass numbers were selected for 
measurement during time/temperature dependent effusion scans. Table 3.1 shows a 
list of these; mass numbers along with their assignments. 

The table contains only singly ionized ions with m/e in increasing order, as in 
ionic chamber mostly singly charged ions are produced. We set these m/e number 
in ilGA and data was stored for these ions only during thermal effusion of porous 
silicon. The sami)le temperature and gas partial pressures were continuously recorded 
during heating. Thermal effusion spectra were measured at different heating rates ( 





3.2. MASS SPECTROSCOPIC THERMAL EFFUSION 


32 


Tuhlf 3.1; Th(‘ ions t raced iu oiir mass spectroscopic thermal effusion experiments 
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84 
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85 


Fig. 2.7 ) on pii'ces of same samples. In addition, samples of different thicknesses 
prodnc('<l at different etching times were also studied at fixed heating rates. The 
partial pressures of effusing species at the pumping port represent a measure of the 
effusion rate ( dN/dt ) as tlu* i>umping speed of turbo-molecular pump over a wide 
raiig(' of pn'ssure is constant. 


3.2.1 General Behaviour 


WT plotted data for all 12 types of ions separately as a function of temperature. 
Fig. 3.3 shows thermal effusion spectra from sample PS2 heated at a rate of ^ = 
l()‘’(Ymin. We show the evolution of H 2 , SiH, SiH 2 , SiHa, SiF 2 , and SiFa. These 
won. tho. only spodos showing a thcnnal stimulated effusion pattern. Clear peaks 
are observe.! in the temperature range of 150-600”C. Thermal effusion of molecular 
hydroge.. ( Hr ) is seen to dominate the spectra. The low temperature (LT) peak 
for hydrogen i,s centered aronnd 396”C and the high temperature (HT) peak around 
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1 he FWTLM for (hose peaks were found to 57 and 71°C, respectively. The 
area ratio umli'r IIk' peaks for LI' to HT 

( 'out riindion from iiy(iri(l(‘s of silicon ( SiH, SiH 2 ,and SiHa ) peak at the same 
f einjjeraf ur(’ of indicating a common desorption mechanism responsible for 

t he ohsf'rvation of these p('aks. Another smaller peak at 175°C is observed in effusion 
specfnmi of SiH. 'riHu inal effusion from the fluorides of silicon ( SiF 2 and SiFs ) peaks 
at a higiier temperatun' of (iOtPCL Here', we focus only on the general features observed 
in the tliennal effusion spectra. WV shall come back to the detailed description and 
inechanism in lat(‘r sections. 


As seen in Fig. . 3 . 2 , many other spt'cies also desorb from the porous silicon surface. 
Ho\vev('i. thermal effusion rates for these species, such as HF, AIF 3 , CH 3 , and SiH 4 
wlnm plolt('d as function of temperature do not show any particular thermal acti- 
vat('d In'havitnir. We have .shown plots for CH 3 and SiH 4 in Fig. 3.4 and in Fig. 3.5 
resp(H’tiv(’ly. These ligur('S show that effusion rates of CH 3 and SiH 4 decreases con- 
tinuously as the temperature of the .sample increases. This behaviour indicates that 
tlu'si' sp(>ci<'s ar(> not <-h(Mnically bonded to the porous silicon network. Therefore, 
th(>.se ions comes out vviy fast initially and latter slowly showing no peak at all. If 
they W(n(' bomh'd to t h(' smfac(' of the sample, they would have shown some thermally 
stiumlutod peak behaviour, as the desorption from surface requires definite amount 
of enerj-y. It may Ix' pointed out that oxygen is observed at same mass number as 
Silli and henc(‘ the desorption curve in Fig. 3.5 may have initial contribution from 

oxygen alst>. 

Ch'iu'ral features observed in the mass spectroscopic effusion spectra are consistent 
wit h the only paper reported on i)orous silicon [37]. The presence of chemically 
bomh'd hy<lrid('s and fluorides in the effusion spectra suggest that most of the silicon 
at,om.s on IIF-f.r(uited silicon surface are covered with hydrogen and small amount 
of fluorine. The surface silicon atoms are bonded to one, two or three hydrogen 
or fluorine atoms and it must be expected that, during thermal desorption, these 
hydrogen or fluorine atoms desorb from the surface directly or after recombination, 
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Fiuurc' 3 3- Fffusioii cxirvi' for tlu'nual desorption from 20 mm sample (PS2) 
at Urn rat.(. of KFCVuuu. The clear peaks for hydrides of silicon appear at 
Hydrogen pr’uks ar(’ at 396‘C and 496 C. 


heated 

360°C. 
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with silicon atonis. ! hi' inolccnii's desorbing in the largest quantity are the hydrogen 
nioh'cnh's ( Mg. 3.3. ) 

I hc fact that Hill.) desorbs before tlie effusion of hydrogen is in agreement that 
Silla molecules are slightly more mobile than hydrogen atoms [40]. But in this case, 
all hydrogen present at the surface would escape in the SiHn species and, next, there 
should not l>e any leleasi' of molecular hydrogen. Moreover, the desorption energies 
the three spi'cies ( viz Siil, SiH'i, and SiH,-) ) must be different. The release of SiHa 
units needs to bieak only one Si-Si bond, the energy for which is slightly lower than 
that of Si-H bond. On the other hand, the release of SiH 2 or SiH units directly 
from the surfaci* needs to bri'ak two or three Si-Si bonds which is not energetically 
favoiable. As the evolution of SiH and Sill-i are perfectly identical to that of SiHa, it is 
nuu't' iikt'ly that t lu'si* s}>ecies are originated in the cracking of SiHs in the quadrupole 
mass analyzer. 


3.2.2 Tlieniially Stimulated Desorption Kinetics 

Before wi' go on to disru.ss our experimental results, we present the relevant method 
of analysis of thermally stimnlated di'sorption process. 

The kim'tics of gas de.sorption processes follow a rate equation ( [41]) 


(It 


A{ 1 - iV)" exp 


Eg \ 

'rtJ 


(3.1) 


whi'ii' N is till' fraction of gas atoms evolved by overcoming the free energy barrier 
I-:... .1 is |,vcM.x,Km|.,itial factor, .. is order of reaction and R is gas constant. If 
l,,.n.|,cratmc rises at a constant heating rate, the evolution rate will first rise to 
inaxinmm value and then return to zero when all the available gas for effusion has 
been exhansled. The teinperatnre of luiodinum evolution rate (T„) informs about 
the slabilitv or l.onrling strength of the evolving atom/molecule to the network. By 
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Maxiiniiiu ('volntiuii rati' occurs at. a temperature Tm defined by equation ( 3.2) 
equal to zero. 


/?7f (3-3) 

T he amount of hy<ln)g<m left in the sample (1 - N)rn is not readily determined 
from the (‘volution patt(‘rn. However, equation ( 3.2) can be integrated to obtain a 
result ing (‘xpoiu'utia! iuU'grai. T'his way, a satisfactory approximation is obtained. 
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(3.4) 


I'or order of rt'acliou and initial concentration of unity, equation ( 3.4) modifies to 


ij„ exp 
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(3.5) 


Ih'uce, for lir.st order (h'sorptioa kinetics, the .activation energy 
(i-;j may be detennined from 7’,„ by the equation ( 3.5), where !/„ - 
dilfereutiat.ing (Kiuatiou ( 3.5) and neglecting small quantities, we get 


for desorption 
10^®s“T Now 


d 




(3.6) 


rc^gai 


rciless of onlcH’ ot reaction. 
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At hm iicatiug latcs. murr t ime is available for the evolution process. Therefore, 
!it‘t aiiiumif o{ f',a.s ( lo he sanu' for two heating rates ) will evolve at lower temperature 
»tnl> In e\nliitiit!i spi‘ctnun. tlie peak (T„i) occurs at lower temperature with a 
(ieejf.i.se in he.itinj; late (,i). Hy nu'asuriug the variation oiTf^ with /3, a graph can 
he plotted between The slope of this curve will give the activation 

eaeigv using eijiiation { 3.(i). 


I tilfu.sioii of gas atoms in compact material may limit the evolution rate. This 
can he ih'tected hv measuring ('voliitioii spectra on identical samples of different 
thieknesse.s. Witli the increa.st‘ in PS layer thickness, the increase in diffusion length 
lesults in a shift of the evolution p('ak to higher temperature. For a diffusion limited 
(‘volution, t he hydiogeu couct'ut ration profile c(x,t) across the film must be compatible 
with th<‘ diffusion (‘ipmtion 


(k 

dt 



(3.7) 


with a film' depemh'iit diffusion coefficient £>[T(t)]. Sofving the diffusion equa- 
tion for outaiilfusion from ti IhS tiiyer of tfiickness li at a constant heating rate and 
evpo- ;.iue, D is terms of a difftision pre-factor Do and a diffusion energy Ed by 


D fA)(!xp 



(3.8) 


we get 


tn 






(3.9) 


For two (fifferent thicknesses cii and (i 2 of the identical samples and corresponding 
p('ak temperaturtvs T-,n\ equation ( 3.9) gives 
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In 




( 1 

1 \ 

WlJ 


\T,n2 

Tmi) 


(3.10) 


I hus. from ninasurnnii'ntK of 7'„, as a function of the layer thickness d for the 
samph’.s pirpanni iui<ler ichnitical conditions and heated at a fixed heating rate P, the 
aciivatiiiu cmugy for diffusion can ho dotonnined. 


3.3 Desorption of Hydrogen 

As sfiui in hi}!,. 3.3. (lie inolccuhw desorbing from porous silicon in the largest 

liuaiitity art' the hydrogt'ii molecules. The hydrogen release occures between 300'’C to 
tilfirt’ with two prominent peaks. A detailed analysis of hydrogen desorption kinetics 
from silictm stii faces was carried out, by Gupta et. al. [42] in the pre-photoluminescent 
ponttis silicon inuiod. Clombiiiiiig t.he results of it in situ FTIR and thermal effusion 
meastu-ments. the low temperaturt' and high temperature peaks were identified as 
hydrt.gcn desorbing from dihytlrides ( Sill 2 ) and monohydride ( SiH ), respectively 

1121 . 

I'ti iu\i*'.ii!';tti* the nature of hydrogen incorporation on porous silicon and its 
fheimai K‘lea.se mechanism, we changed tlu; heating rate ( ft ) from -.3C‘’C/min to 
’/min on .same .sample. In addition, thermal stimulated effusion spectra ( TSES 
) from samph's having tliffereut thicknesses ( obtained by changing the anodization 

time* ) \vc*n* Htmlicnl at a fixed heating rate. 


l Efffict of Heating Rate on Hydrogen Desorption 


l.'iR :i (I slura-.s till, diu-sioii spectra corresponding to molecular hydrogen from 
.sample P.Sl ( 1» min anodination time ). Four spectra shown were recorded from 
the four pieces of tlie sumo sample at different heating rates of ^ - 2.7, 18, 42, and 
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H fi; Ol'iision curvos for thcniial desorption from porous silicon 


'/tuiii. With tiirn'use in heating rate, consistent shift to higher peak energies ( 
'r,„ i is tihscrved fur both LT and HT peaks. Peakfit analysis shows both peaks to be 
syjmm-tiical around T,,, at ail heating rates. Further, the ratios of areas LT and HT 
peaks remain constant at 2:3. 

l)n ineieasing the Inniting rate, time available for effusion of the gas is smaller. 
'I'heiefuje. ma.xiinum ( 'I'm ) in effusion rate ( ^ ) is encountered at a higher tempera- 
t ure. Theiefore, the nwults observed are physically expected for thermally stimulated 
pri»fes.ses. hi l‘’ig. 3.6, w(' observe molecular hydrogen in the mass spectra and record 
of atomic liydrogen at m/e = 1 does not show similar behaviour. Therefore, a mech- 
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i-nua»i.m aF ,„„l,rular hydrogen before it is detected by mass 
.siM-rfiojiici.'!. 1 he l.timaiiun of hydrog(>n molecule hi the gas phase after detrapping 
fonn the aauipli' is it ally luitavoralde and hence it formation can be ruled out. 

llru' i! !na> ha i'oiincd out that th(' mult ilaycr studies using hydrogen and deuterium 
in a!Hoj|t!ious .silir.m films haw shown molecule formation in the film itself [43]. 


\aiions stojc-. iu\oh’«'d in the ('volution of hydrogen are: detr;ii)i)ing of liydrogcn 
iiom its homh'd silt', i.romlnnafion of hydrogen atoms to form H 2 and out diffusion 
of laoh’culai iiNdiogcn. Poious silicon contains large surface area to volume ratio ( 
■.’(t! liu* , cm * i. ! Uio to such hugi' porosity the effusion process is not expected to be 
limited t'\ diffusion. 


As desci ihed eai liei . 1. F peak corresponds to hydrogen from dihydride of Si ( SiH 2 
! and 11 f peak to thi' moiuihydride ( Sill ). De.sorption from monohydride species 
is anticipated to he govi'iiu'd liy setamd order rate kinetics [42]. Two hydrogen 
atoms from two adjacenf silicon moiiohydride species must recombine to produce H 2 . 
F’mthei, by using m sitti F'TIH spectroscopy during isothermal annealing, Gupta et. 
al. obsf'i ved a st'cond-order (h'sorption kinetics from the silicon dihydride species 
also il'.’;, 

\ detailed ihcnnal analysis of non-isothermal kinetics curves obtained at constant 
heating, tales g,i\es fm the order of the' icaction gives an approximate relation [44] 


n=^l.2G{^y/'^ (3.11) 

vvlu'ie a and h are absolute values of the inverse slope at first and second inflection 
point s of t he 'lip curve. Hcpiation 3. 1 1 predicts that the number of gas atoms remained 
in the samph' at peak b'mperattire will decrease as exponent n is decreased. This 
implies tlml llu' ewdution peak will become increasingly symmetric as n is decreased 
(.!aj. Thus our liighly symmetric peaks for LT as well as HT hydrogen evolution 
IVom Sill i and Sill r(^spcctiv(dy, also indicate that nature of the desorption process 
involves a second ordt'r rt'action kinetics. Further, the shape our thermal effusion 
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Figure 3.7: Hydrogen peaks shift as heating rate is changed for 10 min sample (PSl) 


curve's an^ similar to tlie theoretically predicted curves using second order reaction 
kinetics ecpiation ( [42]). 

Following equation ( 3.6), which is independent of the order of reaction, we plot 
Inf;^) vs ijP for the data shown in Fig. 3.6. Fig. 3.8 shows the Arrhenius plot. 
Activation energy, Ea, can be estimated from this Arrhenius plot. Ea for LT and HT 
come out to be 0.8 eV and 2.5 eV respectively. 

The activation energy for high temperature peak ( Ea = 2.5 eV ) corresponding 
to desorption of hydrogen from monohydride of silicon is in good agreement with the 
valuers reported in the literature from ijorous silicon [42] as well as from Ha desorption 




Ln(Hr/rm2) 
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Figure 3.8: Arrhenius plots for 10 min sample (PSl) 
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horn cU'cin Si(ll.l} surfaces [46]. This activation barrier can be understood as the 
difh'ieiu’e l)(>twe(ui tlie energy required to break two nearby Si-H bonds and binding 
energy of a hydrogen molecule using 

2E{Si -H) = Ea + E{H - H) 

with the literature values of E(H — H) = 4.5 eV and our experimental value of 
i?„ = 2.5 eV, Si-H bond energy of 3.5 eV is obtained. This value is within the range 
of K( Si-H ) obtained in amorphous silicon network ( 3.2 eV, [43] ) and E(Si-H) 
crystalline silicon surfaces ( 3.58 eV, [42] ). 

Difliculties are encountered in understanding the low values of activation energy ( 
0.8 ('V ) r(‘({uired for LT peak corresponding to the release of hydrogen from dihydride 
( HiH., ). 


A similar analysis produces unreasonably low value of Si-H bond energies ( 2.65 eV 
) on the SiH 2 surface species. This is lower than expected values of ~3. 10 eV [42]. One 
remson could be uncertainties in the LT peak Ea determination from Arrhenius plot. 
How('v(‘r, limited 0 dependent data on other samples also show the same behaviour. 

If vv(‘ assume' a first order reaction as assumed in the analysis of LT hydrogen peak 
from c-lcan Si(lll) surface [46], and a widely used approximation [47]. 

§ = - 3-64 (3.12) 

ac.tivation energy of 1.96 eV is obtained. Here This value of Eg. is close 

to the LT peak on a-Si:H ( 1.9 eV ) as well as on surface desorption from c-Si ( 1.86 
eV, [46] ). 

However, as discussed earlier, peak shape analysis of our data in over a dozen 
effusion spectra from different samples taken at diflferent heating rates shows highly 
symmetric LT peak. This observation is consistent with the only reported data on 
porous silicon [37] as well as predicted effusion curve [42]. In contrast, peak shape 
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of ('ifusion sjx'ctrnin from clean <‘-Si is clearly indicative of a first order reaction [46]. 
In addition, compelling (’videnc(; from the in situ FTIR analysis also shows a second 
orthn' r('action kinetics [48]. Therefore, in order to understand the low activation 
energi(‘S obt ained by us. the possibility of reconstruction or dimerization of surface 
silicon atoms can not be ruled out. If desorption is concurrent with reconstruction, 
t he <'nergy gaim'd in the reconstruction process would lower the desorption activa- 
tion (unugy barrier. Additional experiments are required to confirm the competing 
procc'Kses. 


In our case, \w have observed PL in the sample, even after heating upto 500‘’C, 
i.e., HT peak ( Fig. 3.1 ). 'riiere arc observations where PL is completely quenched 
l)y isothermal amusiling at these temperatures [37]. However, there is a general 
agreement that PL starts degrading at temperatures as low as 200°C [37]. Further, 
Robinson et. al. [49] noted that the two phenomena ( disappearance of PL and 
releas(' of hydrogc'u ) are not simultaneous. The PL intensity may already have 
nuluced before the; beginning of hydrogen desorption. 


In order to vtuify this we analyzed our effusion data carefully, and In(^) vs 
t(*mperature was plotted for a typical sample (PSl) at a high heating rate ( 61 C/min 
). Fig. 3.9 (a) and (b) show spectra for II 2 and SiH;? desorption. Clear thermally 
activated eifusion peaks an^ ob.s('rved at with a slight hump at 300°C. Presence 

of such low temperature peaks have not yet been reported for porous silicon or surface 
dc'sorptiou from crystalline silicon surfaces. Fig. 3.10 shows same observation at 
dilfcuf'nt heating rates. Variation of low temperature peak with heating rate yield an 
activation (mergy of 0.42 eV. 


Int(ucstingly, such low temperature hydrogen evolution peaks have been observed 
in th(> thermal evolution spectra of B-doped a-Si:H films deposited at low tempera- 
ture’s [43]. It may be stated that low temperature deposited a-Si;H films are usually 
(huisity (hdiciemt. Iloweven-, lowering of effusion peaks on doping has been observed 
(«v(m in compact a-Si:H films. This suggests that a similar mechanism from porous 
silicon c-annot be ruled out. Our micro-Raman data on porous silicon clearly shows 
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(a) 



(b) 

Figure 3.9: (a) Ha and (b) SiHa seini-logarithmic effusion curves for thermal desorp- 
tion from porous silicon as temperature is increased for 10 min sample ( PSl ) 











3 3 DLSORPTION OF HYDROGEN 

\hv picscnc* of n Si in tlit> Haniph's { cf. section 3.4). Presence of a-Si:H in highly 
jntioiLs networks is well known and has also been related to the origin of photolumi- 
ne.srenre j'i I, 50). Bortni wa.s also the dopant in our p-type silicon wafer. Therefore, 
ilu‘ degiadatioii oi Pi. at iuwt'r temperature is indeed related to the detrapping of 
Si-H species and related structured changes. 
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PSIj 1 liickiiess iLfiect on Hydrogen Desorption 


! curnnif density aiui (‘fchiiig time are two important parameters in the 

pit'paiaiinii i>{ puiuus silifon sample. It current density is not in a certain range , 
port ins .silicon is not formed at all. At lower current densities, there is no anodization 
while at higher etirrent dtmsities uniform etching ( electropolishing ) of silicon wafer 
is tthiaint'd, 

'I 1h‘ thickness ttf PHL ditpends on both, current density and etching time. If we 
kt'ep the enrrent density constant, thickness depends on etching time only. This 
assumes all ttfher paratneters such as temperature, HF solution constituents, and Si 
waf'ej type to be same. 

\\V* preparisl porous silicon .samples with etching time of 10, 20, and 30 min. We 
assmm' heie that ( he thickness of PSL is linear to (itching time i.e. the thickness of 20 
min sample is twic(' as thick as that of 10 min sample. Estimated PS layer thickness 
are ''-(i, 12. and 18 //m (5lj. 

Idg. 3. 1 1 shows the tln'rmal efhision spectra for hydrogen from these three samples 
at appioximatf' heating rates of ~18"CVmiu and ~34‘'C/min ( Actual heating rates 
m(‘ f.iven in Pig. 3.11 ). At ~18''(:/min heating rate, hydrogen related peaks ( LT 
as well a.s ilT ). shift to higluT temperature with concurrent increase in their widths. 
However, the <luta obtained at. higlu'r heating ratc.s .show almost no change in peak 
po.sit ions. 

We K'call the sb'ps involved in the i)roce.s.s of thermal effusion of hydrogen: 

(i) (h't rapping of hydrogim atoms, (ii) migration of atomic hydrogen to nearby sites 
(iii) r('combination with another H to form molecular hydrogen and (iv) migration of 
molecular hydrog(m to the surface. We should expect the layer thickness to influence 
the natur*' of effusion spectra, if cither (ii) or (iv) are rate limiting steps. However, as 
t.lu^ surface area is v(>ry large with a spongy porous structure, diffusion is not expected 
to 1)(' a rate limiting factor. 
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Figtirc ,3.11: Hydrogen oirusion emves for thermal desorption from porous silicon as 
t lit* (‘telling iimti for samiile preparation is changed. 



51 


3.3, DtSORPl !0N OF liYDROGEN 


I’ii's<‘nri' ni vaiiuus siulact; spi'vios and honcc thermal effusion spectra are depen- 
dent upon the pieparatiun eumlitions, thermal history, storing environment and aging 
uf ihf ^:llnp!e^. la atlditiun, depth inhumogeneities have been recently reported in 
puKius silieun layers [52]. In adtlition, careful look at our heating rates ( which are 
mauuaiiy runt r( diet 1 ) ulst) show small difference. 

In view ttf the above disenssittn, it is not possible to conclude the role of diflfusion of 
atitiuie or nmleetdar hydrogen in porous silitam from our thermal effusion data. More 
stuilii's. possibly with capping lavtus or deul.tuium inarkors, arc retpiircd. However, 
it may 1h- poinfet! out that tlie conclusions derived from (i dependence ( on pieces of 
.sanit‘ sample 1 aie highly rt'liable and show the rocombinatory desorption kinetics for 
hvthogen a.s di.M'ussetl in eailier st'ction. 


nENiif' 
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3.4 Hainan Analysis 


Haiuau sraitt-rin^ is a lanvcrful iu)n-»l(!8truct,ive tool to analyze crystalline size 
I’lit’t ts in .scuiit Kiuhiftois. We fiist state some general features of Raman spectra of 
sili( HU. I he fiist -tndi'i Hainan pc'ak in single crystal Si is observed at 520.5 cni~^. 

I his pi'ak is symmetric in nature and has a width ( FWHM ) of ~3 cm'^ Variation 
aic uhsti vccl when tin' material loses long range order. Iqbal and Veprek [53] reported 
detailed Hainan analysis on the vapor deposited inicro-crystalline( /z c-Si ) films. As 
till* giain si/e in fi e-Si di'ciea.ses Ix'low ~200 nm, the Raman shifts decrease to 
iow«T In'qnencies l-'WHM increases and the peak becomes asymmetric with tail at 
low lu‘(juencies ja3j. Human spect rum of amorphous silicon ( a-Si ) peaks near 480 
cm ‘ and is u.sually very broad and weak in intensities [53]. 

Haman ineasiireinents were <-arried out on the as-prepared and heated porous 
silicon samjiies {•orresponding to the data shown in Fig. 3.12. Fig. 3.12 (b) shows the 
iianuin liata on as-prepared sample ( PS2, 20 min sample ) along with the reference 
data on crystalline silicon 3.12 (a). Peakfit analysis was carried out. Deconvoluted 
spectra sue shown with tlashed lines. In crystalline Si, Raman shift is observed at 
52(1,2 cm ’ with a FW'IIM of 5.5 cm ‘ ( including the instrumental contributions ) 

.-\.s piepaieii ponnt.s silicon show Raman spectrum typical of porous silicon layers 
prepaii'd fioin non dt'generate crystalline silicon [54]. Deconvolution of this spectrum 
shows tliiei* .sepaiati* pi'aks. First peak is similar to reference c-Si data and shows 
contribution from crystallites larger than 200 A. However, as width of this peak 
rmnains same, t his {X'Jik is more likely due to the contribution from substrate itself. 
Hed-shif(e<l jieak at 513 cm" * with a width of 24.5 cm“^ is due to the nanocrystallites ( 
< aO.-i ) in porous silicon. 'Faking the (piantum confinement models from the literature 
[55|. Cl \stalliti* siy.(‘ of ~3 to 4 nm is estimated. A broad peak ( FWHM ~60 cm"^ 
), centered at ‘■-•184 cm is also observed. This peak shows the contribution due 
to subst antial amount of disordered a-Si phase in the porous silicon. Similar Raman 
spi'ctriun was observed on as-prepared P&i sample ( not shown here ). 
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Tai'lr .3,2; ptwitioiis :uul L’WilM obtained from peakfit analysis of Raman spec- 
da of poions siliron sampii's 


I’S Samples 

1 R(‘ak 1 

I { PiKsition. FWllM ) 

; cm ‘ 

Peak 2 

( Position, FWHM ) 
cin”^ 

Peak 3 

( Position, FWHM ) 
cm“^ 

As prc[iar(‘d 

i .520.9, 5 

513, 26 

484, 60 

P.a *’( ' Sample 

! 520, 7,4 

507, 32.5 

473.8, 68 

' Sample 

1 519.8,5 

503.8, 26 

485, 81 


Instead of a .simple deeonvolnt ion of the spectra, a lineshape analysis including 
contiib'dioti due fo disordered phas(‘ as well Jis ciuantnrn confinement effect [39] can 
In- carried out. Tin' tiualiiative conciusions remains unchanged. It may be pointed 
out that many Raman studies on photolumincscent porous silicon report only on 
lusymim-tric re<i. shifted Si p(‘ak ( -.510 to 520 cm"' ) [56]. Non-observation of amor- 
phous silicon phase in such studies can be due to their macro-Raman measurements 
from a large sam{>le area and small scattering intensities of amorphous silicon phases 

[57], 


big, .3.1.3 slows th(> elibcts of heat treatment in vacuum on the same sample. 
Table 3.2 slows (he lesnlts of peaklit analysis on these samples. Heating the sample 
iud.ocs sdnetmal changes and amorphous content in the sample is increased. Peaks 
due to uaio .1 'o ialliti's shifts to lowtu freciueiicies after heat treatment at 495°C and 

7(Hrt \ This iu«lira!t\s h)vvi‘riug oi tin* crysUillitc sizes. 

( )i,c. |...SBil.l|. nii.clumisni fur siii h ,Blruct.iiral diaiigcs could be tlio removal of hy- 
d. 0 R..„ au.l oil..-, volalil.. si.ecic..s fro... the surfaces of nauoerystallite wires or dots 
as ,s,.,... i.. 11... tl...r...al eifusio., spectra. This would leave the crystallites thrimer 

i„ ,li...™sious. Ill addilhm, oval of l.ydrog.... would n.ake the Sr surfaces highly 

r,.ad ive l-lxiaisure of these surfaces to air after heat treatment may lead to large ox- 
idati.,,. of surfaces. a,..se.,uc..tly. the du..o..sio..s of silicon skeletons would again be 
reduced. Imleed, we obs<.rve evidence of the oxidation in IR analysis of these samples 
as shown 1.1 tl... next section. Further, heatiug at 760'C is probably accompanie 
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i)V thi' ( ttl cnhuiniai' iii’lwoik msultiug in a reduction in the intensity from 

t Sj inrif’aM' in (lisordert'd silicon content is also supported by the recent 

ftlt.sci vaS inn nf hii'h daneJing bond di'iisity { ESR. ) and absorption ( PDS ) on vacuum 
aiuiraird jioions silicon id8j. 

llauiau incasurciHciUs on samples annealed in air at high temperature ( ~750°C 
) siitnv llanian shift similar to the crystalline silicon [39]. These results have been 
‘ !, i' ' in tenns of fully oxidized {)orous silicon and low absorption coefficients of 

fhf'Nc oxide*-. Clcaily. vacuum anm'aling is necessary to separate the effects due to 
stiuctiiial fiansbirmatiiuis on heating and oxidation effects. 


3-5 111 Analysis 

The energy of infrared n'gion of ele(d,romagnetic wave spectrum is of the order 
of vibrational moth' em'rgies of various bonds. Therefore, this technique is used to 
analyze the nature tif bonding of Si atoms with hydrogen and oxygen. 

We have taken IH iransmisshm spectrum from 600 to 4000 cm~^ to look into the 
vibiaiional moth's in om poion.s silicon samples. Fig. 3.14 (i) shows the complete 
spectrum of IH t i:uiMiii:-;.it.n for the fallowing three samples: 

(a) at) min sample, unin'atetl, (b) 20 min sample, unheated, and (c) 20 min sample, 

upto 
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AN'-icjnncnt 

.silirtm 


"i fh.‘ in inodes ohservoci in electrochemically etched porous 


hm 3 M 

1 f ie. ■">. i i j 

■ t 

1 ig, a.M 

u.7K(cnr‘) 

Modes 

t 'iui.eiai 

'! C }i 1 1 

» ^ 

(’mvefe) 

(Literature [21]) 




.r 1 :■ 1 f 

3120-3580 

0-H stretching 


i ] 

2210 

2250 

0-Si-H stretching 

213.3 

' 1 

1 1 

- 

2030 

Si-Hs stretching 

2110 

1 2110 , 

1 

2110 

Si-H 2 stretching 

20 •'0 

1 20SU , 

- 

2070 

Si-H stretching 

lO.HO 

i llltf,- 1 

1000-1250 

1040-1100 

Si-O-Si stretching 

T.t.h 

j ,S!»7 1 

870 

870 

Si-H 2 scissors 

,sr* 

1 81.3 j 

\ i 

810 

835 

Si-H 2 wagging 

ir.o 

1 li.'.O : 


(>40 

Si-H bending 


X'ariuus iidr.ued trunsiiiissiun peaks are listed in Table 3.3 along with their peak 
iussigiiminils hum siamiaid literature values. 

hollowing ronelusions may he drawn from the infrared transmission data: 

I. Peaks due to stretching (~20(){)-220() cnr^ ), bending ( 650 cm"^ ), and 
wagging ( 845 cm * ) modes of hydrogen are clearly observed. Spectrum 
ui tlte range of 2llt)0-2*ltH) mn-^ are expanded and shown in 3.14 (ii). 

IH spectra fur 20 ;ind 30 minutes anodi:5ed samples are similar in nature, 
except fur the e.xpr'cted incrr'Hse in the hydrogen absorption intensities in 
t lacker sample. 

3. Ih-iiti'd sample shows the aiipoarancc of new band at ~2240 cm“^ ( Fig. 
3.M(h) ), which is assigned to the 0-Si-H stretching modes. Silicon hy- 
driiles stretching modes are reduced and the sharp structures are disap- 
peaied. This is not surprising, and is consistent with our thermal effusion 

data. 

•1. 'I’here ar(‘ ahsuipliou }>eaks about 1100 cm"^ in as-prepared samples which 
are a.ssigned to the hulk Si-O-Si asymmetric stretching modes. [8]. 
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I niu!'- I'l 1 irr..avu!iitiuu (>f Hi spectrum of Fig. '3.14 curve (a) for SiH, SiH 2 , and 
SiH 1 prak'. 

i! e* n>t» pM- In uhiain any (luaiititativo information on the hydrogen content 
in pMitdf, '.tin Mii sajiipi*' due to uncertainties in layer thickness and estimates of PS 
d«'n'4l\ llftufaci. iflatjvc contributions from mono-, di-, and trihydrides of silicon 
to fh<‘ .‘.f i*4i hnu' modes can b<‘ estimated. Fig. 3.15 shows the deconvolution of 
couespoadiii}’ to l urve (a| in Fig. 3.14 ) after background subtractions. Fig. 3.15 
p*%dis tine Sili, Sill^, and Silhj cuc ccntcicd at ^OSO, 2110, and 2133 
fill ' losprefivelv, Again their peak widths ( FWHM ) are 28, 22, and 16 cm~h 
1 Iii-.sf poaks uie nmeii sharper and well defined as compared to broad features due to 
liv.iiojvn lu a Sell aiutmd 2100 curb These results suggest well defined hydrogen 
( bemisoiptiun sites in jiurons silicon. In view of the large surface to volume ratio ( 
■'-■JUfl iitllj nr’/rm‘ ) in porous silicon, most of hydrogen is expected to be located at 
SUlfaee .silt'.s. 
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I'iu' relative intensities ( area ) under the strctc’.liing inodes are found to be 0.53, 
0.37 and 0.10 for SiH, SiH 2 , and SiHs, respectively. It is to be noted that the ratio 
of Sill^ to SiH comes out to be 2:3 which is similar to that obtained from thermal 
effusion measurements. These results re-affirm our assignment of LT and HT thermal 
(dfnsion peaks to SiH 2 and SiH respectively. 

Now, it is possible to explain the observation of photoluminescence in our 500°C 
heat ed porous silicon sample. As discussed earlier vacuum annealing desorbs hydrogen 
from the surfaces, increasing the dangling bond densities and reactive sites at the 
surface. When these surfaces are exposed to air, oxidation occurs ( as seen in our IR 
results ). Surface oxides passivate the recombination centers at the surfaces and PL 
is observed, albeit with lower intensities. 



Chapter 4 


Summary and Conclusions 


The observation of visible pliotolumincsceucc iu porous silicon has led to consider- 
able effort toward exploitation of its potential use as optoelectronic material. Though 
there has been many studies on electrical and optical properties of these materials, 
there is a lack of understanding as regards its thermal stability and influence of various 
chemical species present in the sample. 

In this work, we have prepared porous silicon by the traditional electrochemical 
(itching in IIF solution. The thermal stability of the material has been studied by 
heating the samples in vacuum and mass spectroscopic analysis of species effusing 
out during the heat treatment. The results have been correlated with infrared and 
Raman spectros(x)pic analysis of saini)les subjcicted to different heat treatments. The 
main achievements and conclusions can be sunnnarized as follows; 

1. Porous silicon layer of varying thicknesses have been prepared. The samples 
show bright orange luminescence when viewed with naked eye under UV light 
at room temi^erature. 

2. Photoluminescence ( PL ) spectroscopy of these samples show a broad peak at 
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7. Structural changes on heating in vacuum in porous silicon samples have been 
observed using Raman spectrum. The size of nano-crystallites decreases and the 
contribution from disordered component increases from samples heat treated at 
495 and TGO'C. 

8. Infrared spectra of as prepared samples show sharp spectral features around 
2100 cm~^ due to stretching modes of hydrides of silicon indicating well defined 
hydrogen chemisorption sites in porous silicon. The porous silicon samples heat 
treatment at 495°C does not show the infrared peaks due to hydrogen. These 
sharp features disappear on heating the sample to 495‘’C consistent with our 
thermal effusion results. In addition, a broad band around 1000-1200 cm“^ 
corresponding to oxide formation at the surface is observed. The observation of 
photolumincscencc even after heat treatment at 495°C in the sample, has been 
attributed to the surface passivation of defects due to oxidation. 

In summary, room temperature pliotoluminescent porous silicon samples have 
been prepared and characterized using a variety of techniques such as infrared, Ra- 
man, photoluminescence and thermally stimulated effusion spectroscopy. In partic- 
ular, thermally stimulated effusion spectra of effusing species have been analyzed in 
detail to understand the nature of hydrogen bonding and its thermal release from 
porous silicon. Microstructural information obtained from Raman and infrared spec- 
tra hav(^ been correlated with the results of thermal effusion studies. 
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